Summary
We report the evaluation of in vitro immunoregulation in a 12-year-old untreated boy with severe combined immunodeficiency (SCID). Severely hypogammaglobulinemic, the patient was incapable of a specific antibody response to either natural substances or administered antigens. Ficoll-Hypaque-isolated peripheral blood mononuclear cells (MNL) from the patient failed to respond to pokeweed mitogen (PWM) with the normal increment in immunoglobulin-secretingcells, as measured by a reverse hemolytic plaque assay. Since the patient was Iymphopenic, his MNL were relatively enriched for monocytes (range =51-81%).
Removal of phagocytic cells or the addition of unrelated irradiated helper T lymphocytes resulted in enhanced, but still suboptimal response to PWM, suggesting some intrinsic defect in B lymphocyte function. Co-culture of patient MNL with normal MNL resulted in marked suppression (12% of predicted) of PWM-induced Ig-secreting cells. Suppressor activity was unaffected by prior irradiation of patient MNL, but was substantially reversed (99% of predicted) by removal of his phagocytic cells, whereas the combination of the two procedures further reversed suppression (184% "of predicted). The patient's MNL consistently demonstrated subnormal percentages of D+ and T4+ cells and subnormal to low normal percentages of T8+ cells. These data suggest both an intrinsic defect in B lymphocyte function, and a relative excess of monocytes which could further inhibit Ig secretionbyB lymphocytes. Natural killer (NK) cell function was characterized by normal target cell binding by NK cells but severely depressed NK cell cytotoxicity.
Abbreviations SCID, severe combined immunodeficiency MNL, mononuclear cells PWM, pokeweed mitogen NK, natural killer HBSS, Hanks' balanced salt solution Ig-SC, immunoglobin-secretingcells HEPES, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid EBV, Epstein-Barr virus PHA, phytohemagglutinin Con A, concanavalin A SK-SD, streptokinase-streptodornase WBC, white blood cells SCID encompasses a heterogeneous group of congenital disorders which manifest varying degrees of dysfunction of both B and T lymphocytes (28) . Although the majority of patients lack adequate numbers and function of both T and B lymphocytes, a minority of patients has been identified with normal circulating numbers of these cell populations (6, 10, 21, 22) . The basis for this paradox is believed to be the abnormal differentiation of B and T cell precursors (22) . Inadequate numbers of helper T cells have been implicated in a few patients (4, 24) and several authors have also suggested a role for excessive numbers of suppressor T cells, which has been documented in at least one case (21) . Certainly other forms of immunodeficiency, including subgroups of patients with common variable hypogammaglobulinemia selective IgA deficiency, and X-linked agammaglobulinemia; have been described with increased numbers or function of suppressor T lymphocytes (1, 25, 27 ). An intrinsic B cell abnormality in scm has also been observed (7).
We have had the opportunity of serially evaluating immune functions in a 12-year-old white male with SCID, who has been maintained since birth in a gnotobiotic environment. This patient has been the subject of multiple investigations regarding diverse aspects of his early (birth to 4 years of life) immune system (18-20, 26, 29) , but no assessment has yet been made of B cell secretion of Ig, monocyte function, immunoregulatory T cell subsets, or NK cell function. Using classic as well as more recent immunological techniques, we have identified and partially characterized defects in B cell, T cell, as well as monocyte and NK cell functions.
.
MATERIALS AND METHODS
Study Subjects. The patient studied was a 12-year-old male with scm. Although exposed to at least 35 species of microorganisms in his isolator system (29) , the patient has never sustained an infection except for transient Staphylococcal epidermidis bacteremia associated with the swallowing of a coin when he was 7 years old. Aside from receiving transfer factor as an infant (29) , the patient has not been given any mode of immunotherapy. Normal healthy children and adults served as controls for these experiments. (2) . In co-culture experiments, MNL suspensions were irradiated (total dose of2500 rads) to inactivate radiosensitive subpopulations (suppressor T lymphocytes and B lymphocytes) and/or reacted with iron carbonyl in solution for I h to remove phagocytic cells (13) . Those cells which phagocytized the iron (predominantly monocytes) were removed with a magnet, and the resultant phagocyte-depleted suspension was recentrifuged through Ficoll-Hypaque as before.
Enumeration ofT Cells. T cells were enumerated by determining the ability of purified MNL to form rosettes with sheep red blood cells according to the method of Wybran et at. (30) . Determination of Serum Ig Levels. Serum Ig (IgG, IgA, IgM) levels were determined by kinetic immunonephelometry with the Beckman Immunochemical System (Beckman Instruments, . Fullerton, CAl. Serum 19E levels were determined with the Phadebas IgE PRIST radioimmunoassay (Pharmacia Diagnostics, Piscataway, NJ).
Enumeration ofB
Lymphocyte Transformation Studies. MNL were suspended at a cell density of I x 10 6 cells/ml in Medium 199 (GIBCO, Grand Island, NY) plus heat-inactivated 15% pooled human serum, incubated in 200-JLl volumes in microtiter plates (How Laboratories, McLean , VA) in the presence and absence of mitogens for 72 h at 37"C (5). The mitogens employed included three concentrations each of PHA (Burroughs Wellcome, Research Triangle Park , NC), Con A (Calbiochem Corp., San Diego, CAl, and PWM, (GIBCO). During the last 18 h of culture, tritiated thymidine (Amersham-Searle, Arlington Heights, IL) was added to the cultures at a final radioactivity concentration of 10 JLCij ml. A similar protocol was employed for specific antigen stimulation studies with the only modification being an incubation time of 120 h prior to the addition of PH]dThd. The antigens employed were three concentrations each of dermatophyton 0 , an undiluted extract from Candida albicans (Hollister-Stier Lab., Dallas, TX) , fluid tetanus toxoid (Wyeth Laboratories, Dallas, TX) , and streptokinase-streptodornase (SK-SD, Lederle Laboratory Div., American Cyanamid Co., Pearl River, NY).
In mixed leukocyte cultures, the stimulator cells were treated with mitomycin C (Sigma Chemical, St. Louis, MO) at a concentration of 500 JLg/ml for 30 min at 37"C. Responder cells were divided into equal aliquots, one of which was incubated on plastic Petri dishes for I h at 37"C in a humid chamber in order to remove adherent cells (predominantly monocytes). The stimulator and both aliquots of responder cells were suspended at a cell density of 5 x 10 5 cells/ml in Medium 199 plus heatinactivated 15% pooled human serum. One hundred JLl of the stimulator cell suspension were added to 100 JLl ofboth responder cell suspensions in wells of the microtiter plate. After an incubation of 120 h at 37°C, each well was pulsed with 20 JLl of [3H] dThd (100 JLCijml). The plates were incubated overnight and harvested.
Identification Enumeration ofImmunoglobulin-Secreting Cells. Ig secretion by cultured B lymphocytes was assessed by a modified reverse hemolytic plaque assay previously decribed (12, 13) . MNL either were from the patient or control, or from both (in co-culture experiments) were placed in 16-mm tissue culture wells (Costar, Cambridge, MA) containing RPMI 1640 (M. A. Bioproducts) in heat-inactivated 10% fetal calf serum. PWM (How Laboratories, McLean , VA) or EBV (kindly provided by Dr. Michael Blaese) was added to some wells to stimulate Ig secretion. The wells were incubated at 37°C in 5% CO 2 for 6-8 days and then harvested. Harvested cells were washed three times with HBSS and counted. Results were expressed as the number of plaques (Ig-SC) per million cultured MNL (13), but need interpretation in light of the manipulations of cell populations by co-culture and/or exposure of cells to irradiation or iron carbonyl. To determine if a particular manipulation had produced suppression or enhancement of Ig-SC, the actual number of plaques produced by the co-culture was divided by the predicted number of plaques and multiplied by 100 to obtain the percentage of predicted as previously described (13) . Biologically significant suppression was defined as less than 30% of the predicted response , based on co-culture experiments using MNL from normal controls (13) .
NK Cell Cytotoxicity and Tumor Cell-binding Studies. Effector cells from both the patient and normal donors were obtained from Ficoll-Hypaque-sedimented peripheral blood and were further purified by adherence on plastic, followed by nylon wool column fractionation (14, 15) . The nylon wool-filtered fraction was used in all experiments. Chronic myelogenous leukemia cell line K-562 (17) was the source of target cells in all experiments. The cell line was grown as a suspension culture at 37"C in a 5% CO 2 humidified atmosphere in RPMI 1640 (16) .
The cytotoxicity assay was performed as previously described (15) . Briefly, 5 x 10 6 target cells suspended in 0.5 rnl of RPMI 1640 medium supplemented with 10% fetal calf serum, HEPES buffer, and antibiotics (500 units of penicillin and 50 JLg of streptomycin/ml) were labeled with 51Cr(Na/ 
RESULTS
The patient's serum Ig levels were consistently low, IgG being less than IgA or IgM (Table I) . His serum IgE levels were also quite low «5 IV/ml) on two separate occasions (data not shown). His percentage of surface Ig-positive B cells was increased, however, on all but one occasion despite his low levels of serum Ig. Monospecific staining revealed increased percentages of IgD+ cells and normal to increased percentages of IgM+ cells. Using the reverse hemolytic plaque assay with class-specific Ig, fresh (not cultured) MNL from the patient demonstrated some spontaneous IgA-secreting lymphocytes, and a small number of IgM-secreting cells; IgG-secreting cells were essentially absent (Table I ). The patient, in addition, had undetectable serum antitoxin titers to diphtheria and tetanus (performed by the Centers for Disease Control, Atlanta, GA) both prior and subsequent to a series of three diphtheria-tetanus immunizations (data not shown). Isohemagglutinins were also undetectable (data not shown).
Previous experiments revealed that the patient's MNL failed to respond with significant blastogenesis when stimulated with mitogens, specific antigens, and in MLC (18-20, 26, 29) . Subsequent studies documented persistent failure to respond to both mitogen and specific antigen stimulation but demonstrated a positive MLC response in the low normal range ( Table 2 ). The MLC response was markedly diminished after removal of adherent cells, however. Delayed hypersensitivity skin tests remained consistently negative, even subsequent to a series of diphtheriatetanus immunizations (data not shown).
In our preliminary experiments, the patient's MNL, cultured for 6 days either without mitogen or with varying concentrations of PWM, demonstrated only rare Ig-SC, compared with the marked increase in Ig-SC following PWM exposure seen with normal control MNL. Stimulation of cultures with EBV , a T cell-independent B cell trigger, also tailed to induce an increase t Standard error of the means.
*Range for age 10 years (95% confidence limits). in Ig-SC in the patient's MNL as compared to normal control MNL (Table 3) .
Although the patient's mean total circulatingWBC was within the normal range for age, his WBC differentials consistently demonstrated absolute lymphopenia and often showed a relative monocytosis. Preparations of his MNL also exhibited a relative excess ofmonocytes (Table 4) . Removal ofmonocytes from his MNL with iron carbonyl did enhance production of Ig-SC in response to PWM, but failed to completely reverse the hyporesponsiveness of his MNL (Table 3) . When equal numbers of patient and normal MNL were co-cultured with PWM in the reverse hemolytic plaque assay (Fig. 1) , marked depression in numbers ofIg-SC occurred, an average percentage of 12% of the predicted response. Previous co-culture studies between unrelated normal subjects have shown that less than 30% of the predicted response comprises biological suppression (13) . With the use of radiation and/or iron carbonyl, selective subpopulations of cells from the patient's MNL were removed or inactivated prior to co-culture. Irradiation ofthe patient's MNL (which inactivates B cells and suppressor T cells)prior to co-culture with normal MNL did not alter the suppression ofig-SC in co-culture. Likewise, the addition of indomethacin, an inhibitor of prostaglandin synthesis, did not reverse the suppression of Ig secretion, suggesting little or no role for prostaglandins in the observed suppression (data not shown). Removal of monocytes from the patient's MNL with iron carbonyl prior to co-culture, however, completely reversed the suppression of Ig-SC, producing an average percentage of 99% of the predicted response. The combination of removal of monocytes and inactivation of radiosensitive cell lines from the patient's MNL prior to co-culture produced a marked enhancement in the number of Ig-SC, an average percentage of 184% of the predicted response.
Subpopulations of the patient's MNL were characterized using monoclonal antibodies in addition to more classic techniques ( Table 5 ). The percentages of B lymphocytes (Bl+) were strikingly elevated above the normal range while the percentages of total T lymphocytes (T3+) were subnormal. The percentages of both helper/inducer T cells (T4+) and suppressor/cytotoxic T cells (T8+) were also subnormal except on two occasions when the percentages of T8+ cells were in the low normal range. The T4:T8 ratio varied considerably (1.2-5.5) throughout the time the patient was studied.
The patient's NK cell function was evaluated on two separate occasions using both the s·Cr release assay and the single-cell assayto measure the percentage oftumor-NK cell binding ( Table  6 ). The patient exhibited extremely low percentages of NK cell cytotoxicity as compared to each of the normal donors. His percentage of tumor-binding cells was, however, comparative to that of the normal donor's on both occasions.
DISCUSSION AND CONCLUSION
This patient continues to exhibit profound defects in immunological function. He is in that subpopulation of individuals with SCID who are able to secrete small quantities of Ig as manifested by his low serum Ig levels and few numbers of Igsecreting lymphocytes in in vitro cultures. He was unable, however, to produce any specific antibody against antigens to which he has been repeatedly exposed such as diphtheria and tetanus. Despite increased percentages of B cells, the normal response of increased Ig secretion in response to PWM and EBV wasseverely impaired.
Cellular immunity was also greatly depressed, demonstrated by poor responses to mitogens and specific antigens and by the absence of any positive delayed hypersensitivity skin tests. Partial 'If-cell function was exemplified by lymphocyte reactivity in the MLC test, a finding recorded previously in a few children with variant forms ofSCID (6, 10, 22) . Co-cultured experiments demonstrated that the patient's cells markedly suppressed pokeweed-stimulated Ig secretion in normal controls. We attempted to characterize further this excessive suppressor effect by selectively removing or inactivating subpopulations of the patient's MNL prior to co-culture . When monocytes were removed from his MNL, suppression was totally reversed, implying that excessive suppressor monocyte activity, probably secondary to relatively increased numbers of monocytes, accounted for his dramatic suppressor function. Other investigators have reported previously that in vitro lymphocyte responses may be significantly affected by the relative proportions ofmonocytes present (8, 11, 23) . The patient's response in the MLC test was diminished after removal of monocytes, however, indicating an absence of suppressor monocyte activity on T cell proliferative responses. Inactivation of the suppressor T cell subpopulation by irradiation did not alter suppression of Ig secretion in the patient's cellsalthough it did enhance Igsecretion in monocyte-depleted co-cultures. It therefore does not seem likely that suppressor T cells contributed significantly to the patient's excessive suppressor function. The fact that both the putative helper/inducer (T4+) and suppressor/cytotoxic (T8+) subpopulations were generally decreased in the patient, with his T4:T8 ratio ranging from subnormal to elevated values, lends further support to the notion that neither a relative decrease in helper T cells nor a relative increase in suppressor T cells contributed to his B lymphocyte hyporesponsiveness.
NK cell activity was markedly abnormal in the patient as manifested by his extremely low percentages ofNK cell cytotoxicity. The results of the single-cell assay suggested that his NK cells had normal tumor-binding properties. Thus, it appears that the patient's defective NK cell activity stems from decreased killing of already bound tumor targets and not from decreased tumor-NK cell binding.
Serial studies were performed to assess immunologic function in a patient with scm who is unique in having been maintained in a gnotobiotic environment for over 12 years. Since SCID encompasses a heterogeneous group of disorders , we attempted to elucidate and characterize his specific immunological deficits. This patient's immunodeficiency appears to be secondary to at least decreased numbers of T and B cells, an intrinsic defect in B cells, excessivesuppressor monocyte activity on B cell function, and defective NK cell killing. 
